Introduction
In 1933, Henrik Sjögren, in his doctoral dissertation introduced the neologism, keratoconjunctivitis Sicca (Murube, 2010 , Sjögren, 1933 . His findings now known as Sjögren's syndrome (SS), has come to be understood as a multi-faceted autoimmune disorder primarily affecting the salivary and lacrimal glands, presenting with oral and ocular dryness, and often accompanied by extraglandular manifestations. Lymphocytic infiltration of the salivary glands has been a hallmark finding. However, the dysregulated immune response and salivary gland dysfunction are not always correlated and salivary gland dysfunction could precede autoimmunity or even be a result of an independent process in the pathogenesis of this syndrome (Nikolov and Illei, 2009 ). Several models of pathogenesis have been proposed, involving genetics, the environment, the innate and adaptive immune system, the autonomic nervous system, hormonal factors, or an interplay of these factors (Nikolov and Illei, 2009 , Lessard, 2013 , Burbelo et al., 2014 , Iwakiri et al., 2009 , Deshmukh et al., 2009 , Zheng et al., 2010 , Alevizos et al., 2011 , Nocturne and Mariette, 2013 , Gabor Illei. and Alevizos, 2013 Hernandez-Molina et al., 2011 , Valtysdottir et al., 2001 , Laine et al., 2007 , Porola et al., 2008 , Forsblad-d'Elia et al., 2009 , Cai et al., 2008 , Barendregt et al., 1998 , Mandl et al., 2007 , Andonopoulos et al., 1998 .
Since first described by Henrik Sjögren, the chief oral complaint of individuals with SS most commonly has been the symptom of dry mouth or xerostomia, associated with significant morbidity and affecting the oral-health-related quality of life of patients (Sjögren, 1933 , Visvanathan and Nix, 2010 , Fox et al., 2008 , Napenas and Rouleau, 2014 , Ying Joanna and Thomson, 2015 . However, patient-reported xerostomia is not an exclusive characteristic of Sjögren's syndrome, but could be a result of other conditions (Manuel Ramos-Casals and Moutsopoulos, 2012 , Porter and Scully, 2000 , Sreebny and Schwartz, 1997 , Rad et al., 2010 . This subjective complaint of xerostomia does not necessarily correlate with objective measures of hyposalivation (Manuel Ramos-Casals and Moutsopoulos, 2012 , Fox et al., 1985 , Ying Joanna and Thomson, 2015 . Rather, xerostomia has been found to be associated with compositional changes of saliva (Alliende et al., 2008) . Studies have also shown differences in the composition of stimulated saliva from the major salivary glands in patients with SS compared to healthy controls, and there is no correlation between compositional changes of stimulated saliva and salivary flow rates (Atkinson et al., 1990 , Kalk et al., 2002 , Mathews et al., 2008 , Helenius et al., 2005 . Xerostomia is also dependent on individual patient thresholds for oral dryness, tolerance, and adaptation (Manuel Ramos-Casals and Moutsopoulos, 2012, Scully and Felix, 2005) .
Recently, new classification criteria for SS have been proposed (Shiboski et al., 2012) . While the current American-European consensus classification criteria for SS include xerostomia and hyposalivation in the assessment algorithm, the new classification set does not (Shiboski et al., 2012 , Vitali et al., 2002 . Consequently, salivary gland involvement in SS is assessed partially by the new criteria by the presence of focal lymphocytic sialadenitis (Daniels et al., 2011) . Therefore, the new approach to classification has a potential for misclassification and for missing cases that are in an early stage of disease progression (Vitali et al., 2013) .
Given that xerostomia is a chief oral complaint of patients with SS and the assessment of salivary gland dysfunction is essential for diagnosis, we sought to investigate whether patient-reported xerostomia is still a valuable classification criterion and an important end-point in clinical trials targeting treatment modalities for SS (Aim-1). Furthermore, evaluation of this objective would be important if xerostomia is a composite indicator of various factors functioning within this complex syndrome, capturing factors such as salivary gland dysfunction expressed as compositional changes of saliva, and underlying pathways of pathogenesis including, but not limited to lymphocytic infiltration. Next, we wanted to evaluate xerostomia-related factors that impact screening for SS (Aim-2). Consequently, we sought to determine test accuracy measurements of xerostomia as a screening aid for SS among those with salivary gland dysfunction. Test accuracy measurements of hyposalivation were also determined for comparison. Finally, we wanted to ascertain similarities and differences in the clinical characteristics of those with and without xerostomia among those diagnosed with SS, and also among those with other salivary gland dysfunction for comparison (Aim-3).
Materials & Methods

Study Population
The NIDCR Sjögren's Syndrome and Salivary Gland Dysfunction Unit (SSGDU) has been evaluating and enrolling participants with clinical suspicion of SS or salivary gland dysfunction since 1984, making the NIDCR/NIH SS cohort one of the largest in the US. To investigate the proposed objectives we designed a nested case-control study within the overall cohort comprising all participants enrolled before August 27, 2015.
Main Outcome Variables
We compared three groups (SS, Sicca, ISS) at high-risk for salivary gland dysfunction. SS was defined according to the American-European consensus group classification criteria (AECG) (Vitali et al., 2002) . Sicca was defined as the presence of oral dryness determined by a whole unstimulated salivary flow rate (WUS) of ≤1.5 ml/15 min or ocular dryness determined by a Schirmer's test of ≤5 mm/5 min without anesthesia or Van Bijsterveld score of ≥4 in at least one eye, with the absence of focal lymphocytic sialadenitis (focus score b 1 per 4 mm 2 ) and the absence of anti-SSA (Ro) and anti-SSB (La) autoantibodies. The oral dryness experienced in the Sicca group would be due to salivary gland dysfunction other than SS. This could include developmental causes (e.g. salivary gland aplasia), iatrogenic (e.g. postsurgical), inflammatory (e.g. IgG4-related disease), neoplastic, sialolithiasis, or systemic causes (e.g. diabetes mellitus). Incomplete Sjögren's syndrome (ISS) was defined as the presence of a focus score of ≥1 per 4 mm 2 or autoantibodies SSA or SSB but not meeting the AECG criteria for SS classification.
Main Exposure Variables
Xerostomia was defined as patient-reported daily feeling of dry mouth for more than three months. Hyposalivation was defined as WUS of 1.5 ml/15 min or lower (Vitali et al., 2002) . Data were imputed with total unstimulated salivary flow rate (TUS), which is the sum of parotid and submandibular/sublingual unstimulated salivary flow, for missing WUS. This combination of WUS and imputed TUS was termed as imputed unstimulated salivary flow rate (IUS); for TUS and IUS a cut off threshold of ≤1.5 ml/15 min was set to indicate hyposalivation. Analyses were undertaken with WUS, TUS, and IUS separately. Stimulated salivary flow rates were modeled with a flow rate of ≤ 7.5 ml/ 15 min representing salivary dysfunction (Manuel Ramos-Casals and Moutsopoulos, 2012).
Covariates
Demographic data on age, gender, race, and ethnicity of participants were collected. Current use of medications was categorized into five mutually exclusive categories: i) medications that reduce salivary flow, ii) sialagogues, iii) medications for extraglandular manifestations, iv) combination of medications of the three categories, and v) other medications. Autonomic nervous system assessment was undertaken, in which, patient-reported fatigue and anxiety were defined as the presence of any number of episodes of fatigue or anxiety in a month or daily. Brief pain inventory was ascertained. Past medical history of thyroid disease and diabetes mellitus type I and II was also ascertained. Cigarette smoking, alcohol use, and caffeine use status was defined as any use of cigarettes, any alcoholic drinks per week, and one or more caffeinated beverages per day respectively.
Study Procedures
A comprehensive oral and medical history was recorded. Head and neck and oral examination, and physical examination were performed. Salivary gland function evaluation (unstimulated followed by stimulated salivary flow rates), labial minor salivary gland biopsy, assessment of lacrimal function and standard eye examinations were performed. The van Bijsterveld and Oxford scores based on lissamine green were the ocular scoring systems used in this study. Clinical laboratory studies were done to test the general health of the participant and to assess for autoimmune markers. Testing for hepatitis B and C, and HIV was also undertaken. All study participants provided Informed Consent prior to the initiation of any study procedures and clinical protocols were approved by the NIH Institutional Review Board, conforming to the standards indicated by the Declaration of Helsinki.
Bias Assessment
Selection of SS, Sicca, and ISS participants was based on standard criteria (AE classification criteria) and objective tests irrespective of xerostomia status rendering the study to be devoid of selection bias. Furthermore, selection bias is diminished when cases and controls are selected from a defined cohort compared to the traditional case-control study design. As the exposure of interest, xerostomia is of considerable duration (N3 months) the introduction of recall bias and subsequent misclassification is not possible. The study design is also not jeopardized by misclassification of outcomes of interest (SS, Sicca and ISS), as the detection of these high-risk groups was based on standard, accepted criteria and objective tests, and was ascertained prior to establishing study objectives. Therefore, observer/investigator bias was avoided. Screening tests were applied to only the three high-risk groups and not normal volunteers, as were all comparative analyses; therefore, the exaggeration of the magnitude of association of any risk factor was avoided. No postulation of causation was set and therefore temporal bias does not play a role in the interpretation of results. The validity of comparison between cases (SS) and controls (Sicca and ISS) regarding exposure status (xerostomia) in this nested case-control study is justified by the use of a defined source cohort from which cases and controls were selected during the same study period.
Statistical Methods
Baseline data of all variables of interest were analyzed. A statistical significance level of α = 0.05 was chosen. Descriptive data analysis was performed using standard summary statistics. Exploratory data analyses were performed on all variables of interest, including checks for normality (Shapiro Wilk test) and equal variance (Levene's test). Non parametric tests (Mann-Whitney U) were employed when indicated. Sensitivity and specificity analyses were conducted. Two sample test of proportions were carried out. Correlations were assessed with Pointbiserial correlation coefficient. Correlation coefficients were computed including and excluding outliers as outliers are known to influence the correlation coefficient by rendering it non-significant. An outlier was determined as any data point N1.5 times the interquartile range (IQR) below the first quartile or above the third quartile of the data. Total effects were studied by simple logistic regression models. Multivariate logistic regression models were constructed after checking for collinearity. Models by various methods (forward and backward stepwise, and likelihood ratio testing) were compared to check for consistency of results. Apart from model-selected variables, variables of interest were locked into the model. Forward stepwise selection with correction for dispersion determined the final model. Statistical significance was assessed on a set two-tailed p-value of 0.05. Non-statistically significant variables were verified by testparm. Checks for pertinent interactions/effect modification were undertaken. Goodness of fit of the final model was assessed using Hosmer-Lemeshow test. All statistical analyses were performed using STATA 14.0 (StataCorp. 2015. Stata Statistical Software: Release 14. College Station, TX: StataCorp LP).
Results
As of August 27, 2015, the SSGDU at NIDCR/NIH has evaluated 3349 and enrolled 2046 participants. In this study, we compared baseline data of three groups at high-risk for salivary gland dysfunction with 701 SS, 355 Sicca, and 247 ISS participants (Fig. 1) . Demographic characteristics of these groups were assessed, stratified by the presence or absence of xerostomia (Table 1 ). In the SS group, age, race and ethnicity were significantly different between those with and without xerostomia. In the Sicca group, differences in gender and ethnicity were statistically significant and in the ISS group, no differences in demographics by xerostomia status were found. The three groups, SS, Sicca, and ISS differed in the prevalence of key characteristics, i.e., xerostomia, positive focus score, and positive serology (Supporting Information (SI)), with the SS group having the highest prevalence of these characteristics. The duration of dry mouth symptoms also differed across groups with the SS group having the longest median duration (SI).
Among the 1303 participants in our study, 74% (n = 964) reported xerostomia ( Table 2 ). Xerostomia prevalence was highest among SS participants (87.4%, 95% CI: 84.8%-89.8%) followed by Sicca participants (72.4%, 95% CI: 67.4%-77.0%) and the ISS group (38.1%, 95% CI: 32.0%-44.4%). The absolute difference in xerostomia prevalence between SS and Sicca participants was significant (15.0%, 95% CI: 9.8%-20.3%, p b 0.001) as was the absolute difference in prevalence between SS and ISS participants (49.4%, 95% CI: 42.9%-55.9%, p b 0.001).
The sensitivity of xerostomia for detecting SS among high-risk participants was 87.4% (95% CI: 84.8%-89.8%) and specificity was 41.7% (95% CI: 37.7%-45.7%) (Table 2A) . SS participants were 50% more likely to have xerostomia compared to other high risk participants, namely Sicca and ISS (LR + = 1.50, 95% CI: 1.39-1.61). Moreover, SS participants were 70% less likely to be without xerostomia compared to other high risk participants (LR− = 0.30, 95% CI: 0.24-0.37). Further, SS participants had a 5-fold higher risk of xerostomia compared to other high-risk participants (OR = 4.98, 95% CI: 3.78-6.56). Consequently, a participant with salivary gland dysfunction presenting with xerostomia is 5 times more likely to have SS than Sicca or ISS. The positive predictive value (PPV) and negative predictive value (NPV) of xerostomia indicate that a high-risk participant with xerostomia has a 64% chance of having SS, and if without xerostomia, has a 74% chance of not having SS.
In contrast, Sicca and ISS participants had a lower likelihood of having xerostomia and a higher likelihood of being without xerostomia compared to SS participants. The odds ratios of having xerostomia in Sicca and ISS compared to SS participants were significantly lower, indicating the utility of xerostomia for distinguishing between SS and other high-risk participants. The PPV and NPV of xerostomia in Sicca and ISS participants were also significantly lower than that seen in SS participants. Given these test statistics, among high-risk participants, patient-reported xerostomia was a better screening aid for SS than for Sicca or ISS, and therefore a better indicator of SS.
Unlike xerostomia which is subjective, hyposalivation is a quantifiable measure. Test diagnostics indicated the sensitivity of WUS for detecting SS was 63.8% (95% CI: 56.3%-70.9%) while the specificity was 51.3% (95% CI: 43.1%-59.4%). The OR, PPV, and NPV test statistics for WUS in detecting SS were lower compared to those of xerostomia. Although SS participants were 50% more likely to have xerostomia compared to other high-risk participants, WUS as a screening test was unable to differentiate between SS and Sicca (overlapping 95% CIs, Table 2A ) and test diagnostics for ISS were low. For IUS, sensitivity was 76% and specificity was 46.9% for detecting SS and SS participants were nearly 3 times more likely to have xerostomia compared to other high-risk groups (OR = 2.80, 95% CI: 2.17-3.62). The inability of WUS to distinguish between SS and Sicca demonstrated by test diagnostics was corroborated by the non-statistically significant difference in median WUS between the SS and Sicca groups (Figs. 2, 3) . As the test diagnostics of IUS were better than that of WUS, we also found that the median IUS was significantly different among all 3 high-risk groups. The SS group had the lowest median IUS and TSS compared to Sicca and ISS groups.
Correlations between WUS, IUS, TSS, and Xerostomia are shown in Table 2B . In the overall pool of high-risk participants, both unstimulated and stimulated salivary flow rates were negatively correlated with xerostomia, with WUS possessing the strongest point-biserial correlation coefficient compared to IUS and TSS (− 0.49, − 0.42, − 0.21 respectively, p-value b 0.001, without outliers). However, when stratified by high-risk groups, WUS was only significantly correlated with xerostomia in SS and Sicca groups, while IUS was significantly correlated with xerostomia in all three groups. Correlation of TSS with xerostomia was only noted in the SS group, and was weaker than that of WUS and IUS. Correlation coefficients are influenced by outliers, yielding weak correlations. In this analysis, even with the removal of outliers salivary flow rates remained weakly correlated with xerostomia in all three high-risk groups. Table 3 compares the phenotypic characteristics of those with and without xerostomia. Compared to SS participants without xerostomia (SS+X−), SS participants with xerostomia (SS+X+) had a significantly higher proportion of reporting ocular dryness lasting N 3 months, hyposalivation with respect to both unstimulated and stimulated salivary flow rates, and salivary gland swelling. Although subjective ocular dryness was significantly different, the proportion of objective ocular signs was similar between subgroups. In addition, though the proportion of hyposalivation (IUS, TSS) was higher in SS + X + subgroup, the proportions of positive focus scores (≥1 per 4 mm 2 ) and autoantibodies SSA/SSB were not different between subgroups. Diabetes mellitus, thyroid disease, and other autoimmune disorders and extraglandular manifestations such as fatigue, anxiety, and pain were comparable between subgroups. Potential confounders such as cigarette smoking, alcohol intake and caffeine intake were similar in both subgroups. Various classes of medications were also similar between subgroups. Among Sicca participants, the proportions of symptomatic dry eye, salivary gland pain, thyroid disease, and caffeine intake were significantly higher among those with xerostomia than those without. Among ISS participants, the proportions of symptomatic dry eye and thyroid disease were significantly higher among those with xerostomia than those without.
The results of multivariable regression analyses for independent predictors of xerostomia in SS participants are presented in Table 4 . In a model adjusting for all potential confounders, Black/African Americans (OR: 0.40, 95% CI: 0.23-0.68, p-value = 0.001) and Asians (OR: 0.49, 95% CI: 0.25-0.96, p-value = 0.038) were less likely to have xerostomia compared to whites. Those with dry eye symptoms of N-3 months were almost 6 times more likely to have xerostomia than those without dry eye symptoms of this duration (OR: 5.80, 95% CI: 3.62-9.28, p-value b 0.001). Paradoxically, those with a Van Bijsterveld score ≥ 4 were less likely to have xerostomia (OR: 0.55, 95% CI: 0.34-0.90, p-value = 0.017); however, the crude odds ratio was not statistically significant. Presence of hyposalivation based on unstimulated salivary flow rate (IUS), although highly significant in the simple logistic regression model (OR: 2.02, 95% CI: 1.24-3.27, p-value = 0.004) was only of borderline significance when adjusted for confounders (OR: 
Discussion
Xerostomia is a chief complaint of SS patients. Since dry mouth can affect adversely oral health, overall well-being, and patient's quality of life, it is a patient-centered outcome that should be considered in SS research and disease management. In this study, we examined the importance of patient-reported xerostomia of N 3 months duration in individuals with SS, Sicca, and ISS. In our study population, the prevalence of xerostomia was highest in the SS group followed by the Sicca and ISS groups. We also found that the ability of xerostomia to screen for SS was greater than its ability to screen for Sicca or ISS. Furthermore, when compared with the objective sign of hyposalivation, xerostomia had comparable if not superior screening test utility. These screening test diagnostics of xerostomia are only applicable to a high risk population (those with salivary gland dysfunction) since screening tests are more effective herein than when applied to the general population (Gordis, 2009). These results indicate that subjective and objective measurements of salivary gland dysfunction are both important in the diagnosis and classification of SS. The findings suggest that xerostomia may be reflective of a different domain of salivary gland dysfunction in SS, namely one that comprises compositional changes of saliva. As xerostomia of prolonged duration was associated with objective clinical findings such as higher focus score, lower salivary flow, and salivary gland swelling, it could be considered a surrogate marker of the poorly understood disease progression of SS. We found that xerostomia in SS participants was not attributable to age, gender, extraglandular manifestations, or other comorbidities. In addition, autoantibodies SSA/SSB failed to be a significant predictor of xerostomia. Medications with a well-documented inhibitory effect on salivary flow, in combination with/without other medications, were included in the regression models to control for their confounding effect (Porter and Scully, 2000, Sreebny and Schwartz, 1997) .
It is well known that diagnostic and classification criteria for SS need to be improved, especially as this syndrome encompasses a spectrum of similarly presenting diseases (Goules et al., 2014) . However, classification criteria that eliminate both xerostomia and hyposalivation and assess salivary dysfunction solely based on a focus score of ≥ 1, assume that the pathogenesis takes on a singular pathway of dysfunctional immune response, while ignoring the possibility of other pathways in the etiopathology of salivary dysfunction and disease progression in this complex disorder. Moreover, the diagnostic value of focus score remains unclear. In a systematic review of 9 included studies, a focus score ≥ 1was found to have a high specificity (61.2% to 100%) and a variable sensitivity (63.5% to 93.7%). As a positive focus score is found in healthy aged patients, a specificity of 100% would be an overestimate. The authors concluded that their findings indicate a lack of information about the diagnostic value of minor salivary gland biopsy (Guellec et al., 2013) .
Furthermore, such classification criteria that select a highly specific sub-population of SS participants (those with 2 out of 3 objective signs -focus score ≥ 1, positive serology, and ocular staining score ≥ 3) (Shiboski et al., 2012) could challenge external validity. Therefore, clinical trial results based on such limited classification criteria would not be generalizable to the entire SS population but rather to a highly specific sub-population. Moreover, such classification criteria have a potential for information bias leading to differential/non-differential misclassification, and missing cases leading to an immigrative selection bias. Further, as xerostomia is a chief oral complaint of SS participants and is of high prevalence in this group, failure to include xerostomia in SS research studies or to target its mitigation in clinical trials developing therapeutics for SS discounts patient-centered outcomes research. Further, others have pointed out that when symptoms are excluded from classification criteria, there is a higher likelihood of missing cases of early disease who would have had a higher possibility of responding to newer target therapies (Vitali et al., 2013) .
However, this study was not designed to develop a classification system for SS rather it was purposed to provide evidence to assist in the process of developing newer classification systems. The development of classification systems requires a balance between sensitivity and specificity in order to minimize misclassification. Furthermore, the net specificity and net sensitivity of the entire classification set needs to be analyzed. This is important, especially when simultaneous testing by individual criteria is being undertaken. Therefore, there is space for improvement in the development of classification criteria and we look forward to the newer classification system (ACR-EULAR) that is in the pipeline which is said to have incorporated both xerostomia and hyposalivation to certain levels.
This study undertook an in-depth evaluation of xerostomia in SS. Sicca and ISS groups were also evaluated for the purpose of a comparative analysis. Various statistical analyses were performed to check for consistency of findings, including regression modeling with the adjustment for confounders; such evidence has been lacking in the literature. Clinical characteristics of those with SS based on xerostomia status were elucidated, which again is novel. Furthermore, this study minimized various biases, described in the SA, that strengthen the analyses. The lack of temporality in associations reported, as a consequence of study design, is a study limitation. Therefore, it should not be assumed that characteristics such as focal lymphocytic sialadenitis (focus score N 2/ mm 2 ) preceded the development of xerostomia in SS. The other limitation is the use of imputed data for whole unstimulated salivary flow rate. However, we analyzed and reported WUS without imputation and total unstimulated salivary flow rate for comparison. To the argument that there may be circularity in SS case definition and xerostomia as a screening aid, it must be acknowledged that xerostomia is neither a sufficient nor necessary criterion in the AE classification. Furthermore, it is not uncommon for screening tests to also be a part of classification criteria, as in the case of diabetes where blood glucose concentrations are utilized for both screening and classification criteria (Harris, 1995) .
Studies with longitudinal analyses on changes over time in various key characteristics of SS, Sicca and ISS groups are planned for the future. It is our intention to carry out a detailed and thorough investigation of the trajectories of the various groups over time which is beyond the scope of the current study as it pertains to the baseline analyses of the data.
Our study evaluated patient-reported xerostomia of N 3 months and found it to be a significant indicator of SS. In SS, qualitative changes in saliva might be more informative than quantitative salivary flow. Saliva is a complex medium that has many functions and many components with different physical characteristics that cannot be captured by flow measurements alone. In light of our current understanding that xerostomia causes considerable morbidity and quality of life deficit in SS patients, our findings suggest that self-reported xerostomia should be considered in SS classification systems and be a targetable endpoint in SS clinical trials and research. 
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